Pulmonary arterial hypertension (PAH) associated with chronic lung disease of infancy can be a life-threatening disease affecting an increasing number of former premature infants. There is a need for improved delivery of targeted PAH therapies for this subgroup of patients who have severe and persistent PAH despite standard respiratory care for chronic lung disease. Currently infants who have severe PAH despite oral or inhaled therapy receive continuous intravenous prostanoid therapy (mostly epoprostenol), which is complicated because of the need for central venous access and associated catheter-related complications. We present a series of 5 infants who were successfully treated with a continuous infusion of subcutaneous treprostinil, which is a longeracting prostanoid with similar hemodynamic effects. There were improvements in echocardiographic assessment of right ventricular function and estimated pulmonary hypertension, and in respiratory support required within weeks of therapy. Unlike commonly in adults, these 5 infants had no instances of severe site erythema, bleeding, bruising, or infection. In our experience with 5 former extremely preterm infants who had PAH associated with chronic lung disease, subcutaneous treprostinil was safe, efficacious, and well tolerated. We believe that subcutaneous treprostinil can be beneficial in a select group of former premature infants who have chronic lung disease and severe pulmonary arterial hypertension who have not responded adequately to conservative therapies. Pediatrics 2014;134:e274-e278 AUTHORS:
Dr Krishnan conceptualized and designed the case study, supervised the treatment protocols, and reviewed and revised the final manuscript; Dr Rosenzweig conceptualized and designed the case study, supervised the treatment protocols, and reviewed and revised the final manuscript; Dr Ferdman drafted the initial manuscript and collected the data; Dr Zuckerman supervised the treatment protocols and reviewed and revised the manuscript; and all authors approved the final manuscript as submitted. Accepted for publication Jan 15, 2014 Pulmonary arterial hypertension (PAH) is a life-threatening disease of progressive pulmonary vasoconstriction and vascular remodeling, leading to right ventricular (RV) failure. PAH associated with chronic lung disease (PAH-CLD) of infancy (formerly known as bronchopulmonary dysplasia) is thought to have elements of both Group I (PAH) and Group III (lung disease-related) pulmonary hypertension. 1 Initial treatment includes adequate respiratory management, treatment of aspiration and reactive airway disease, and control of exacerbating factors, such as systemic hypertension and left ventricular diastolic dysfunction. Despite these measures, however, some patients may require targeted pulmonary vasodilator therapy to demonstrate clinical improvement, either oral medications used alone or in combination with prostanoids. [2] [3] [4] Continuous intravenous (IV) epoprostenol is added in severe and refractory PAH, but this is complicated in infants and small children owing to the need for central venous access and associated catheterrelated complications, including infections, catheter breakage, loss of venous access, and thrombosis. Furthermore, the short half-life of epoprostenol increases the risk associated with infusion interruptions attributable to line breakage or inadvertent bolus, especially in young children. There is a need for an alternate delivery system to potentially reduce these complications. Treprostinil is an alternative prostanoid formulation delivered either IV or subcutaneously (SC), has a longer half-life (4 hours) than epoprostenol (minutes), and is stable at room temperature. In the past, pediatric PAH specialists were reluctant to use subcutaneous treprostinil (SCTre) in young children because of the significant infusion site pain described in older patients. 5 This is the first reported use of SCTre in select infants who have PAH-CLD.
PATIENT CHARACTERISTICS
Five patients were identified as appropriate for SC therapy at our institution in the past year. All were former premature infants, born at a gestational age of 23 to 26 weeks, birth weight of 470 to 653 g (Table 1) , and who had already required the addition of targeted PAH treatment to conservative management for PAH-CLD. Patients 1 to 4 were younger than 1 year of age when started on SCTre, after failure of oral and inhaled therapies. Patient 5 was already on IV epoprostenol via an indwelling catheter and was electively transitioned to SCTre because of multiple hospitalizations for line breakages and infection. All the infants required prolonged respiratory support and had multiple gut and respiratory infections. Patients 1 through 4 had multiple brief cardiorespiratory arrests secondary to PAH crises needing resuscitation and inotropic support during their hospital stay. None of the patients had systemic hypertension at the time of SCTre initiation; rather, several continued to require inotropes for hypotension. Echocardiograms done because of increasing need for respiratory support revealed severe pulmonary hypertension, RV dysfunction, and right-to-left atrial and ductal shunts. Cardiac catheterization was performed in 4 patients under general anesthesia ( Table 1) . Because of severe desaturation, 3 infants needed oxygen and/or inhaled nitric oxide (iNO) during their baseline hemodynamics. Patient 2 had a concern for pulmonary vein stenosis on echocardiogram and so underwent angiography of all 4 pulmonary veins demonstrating a mild narrowing of the left lower pulmonary vein with the remainder unobstructed.
OUR TREATMENT PROTOCOL
At initial presentation of acute PAH crises, iNO was started along with milrinone infusion to support the failing RV. Oral (or IV) sildenafil (followed by bosentan in patients 1 and 5) was added to the therapy, with attempts at weaning iNO. In patients 1 through 4, inhaled iloprost was initiated at 1 to 5 (median 3) mcg every 1 to 4 (median 2) hours, before starting SCTre. Patient 5, who had been on IV epoprostenol, was initially transitioned to IV treprostinil and subsequently converted to SCTre.
SCTre was initiated at 1.25 ng/kg/min via an in-house pump at a concentration of 0.1 mg/mL. The dose was titrated up by 1.25 ng every 12 to 48 hours as tolerated. They were monitored closely for adverse effects, including increasing oxygen requirement or ventilator support, hypotension, irritability, feeding intolerance, and diarrhea. Patients 1 through 4 were already receiving sedation owing to their ventilator support and did not require additional medication. Patient 5 did not require any use of analgesic medication. Once the target dose of 20 ng/kg/min was reached, the increase was slowed to1.25ng/kg once weekly until discharge or side effects. Concentration was increased as needed up to 1 mg/mL. Patient caregivers were trained on medication preparation, sterile techniques, pump use, and subcutaneous delivery, and educated on the side effects. Patients were discharged only after training was complete. As outpatients, the dose titration is every 3 to 4 weeks, with the assistance of specialty pharmacy and home nursing. There were no local reactions, evidence of pain or tenderness at the infusion site (Fig 1 A  and B) , and no systemic side effects. The infusion sites were changed every 2 to 4 weeks to prevent local reactions or if the infusion cannula inadvertently came off. Infusion sites included the back of the arms, over the thighs, and abdomen.
for ventilation perfusion mismatch and none had worsening of respiratory status acutely or throughout treatment initiation. Patients 1 and 2 were both ventilator-dependent initially and now are home breathing room air. Patient 3 had ongoing necrotizing enterocolitis and sepsis, and although he initially improved hemodynamically, he died of septic shock 3 weeks after starting SCTre. Patient 4 was discharged to a chronic care facility on 35% FiO 2 (via tracheostomy) after 4 months on SCTre. Patient 5 had been on 1/2 L oxygen via nasal cannula at home. Soon after transition from IV epoprostenol to SCTre she was weaned to room air with no right-to-left shunting at the patent ductus arteriosus. iNO was weaned off 3 weeks after SCTre initiation in patients 1 and 2, and by 6 weeks in patient 4. Patients 2 and 4 were on inhaled iloprost, and were weaned off within 2 weeks after initiation.
DISCUSSION
Very low birth weight infants are at risk for severe lung injury and CLD, secondary to hypoalveolarization and prolonged ventilation. A subset of these patients develop associated PAH. When PAH becomes severe, these infants are at high risk for death. 3 Currently no clear guidelines exist for the treatment of these infants. Targeted PAH therapies available include endothelin-receptor antagonists, phosphodiesterase type-5 inhibitors, and prostanoids. Often patients who have severe PAH are on a combination of drugs from multiple categories. 6 Although none of these therapies are FDA-approved for use in infants and children, PAH specialists judiciously use these therapies in managing sick children.
Aside from iNO, intravenous prostacyclin (epoprostenol), was the first targeted PAH therapy with demonstrated efficacy in children 7 ; however, there are many potential complications of continuous intravenous therapy. Adult data have shown the effectiveness of SCTre. 5, 8 Transition from IV epoprostenol to SCTre has been reported without clinical deterioration in adults and children. 9, 10 Adverse effects of the SC infusion include site pain in 89% to 92% of adults, and site reactions in 81% to 100%. 5, 8 In adults, 23% discontinued SCTre owing to adverse effects, mainly site pain. 5 Typically this is managed with the use of a preferred site, frequent site changes, oral and topical analgesics, and rapid increases in dosage to goal. 11 Levy et al reported on 8 children (ages 1.5 to 10 years, median 4 years) who were started on SCTre after failure of oral medications. 12 A total of 5/8 patients had congenital heart defects and 3 had idiopathic PAH. All had suprasystemic pulmonary artery pressure. There was no mention of prematurity in any patients. Follow-up ranged from 6 to 18 months; at last follow-up, 6 improved and 2 died. Unlike our experience, they had significant local site pain requiring analgesics. One child required narcotics, and transitioned to IV epoprostenol after 6 months of SC therapy. There were no serious adverse events related to the treprostinil.
In our single-center experience, all 5 patients tolerated initiation of SCTre and demonstrated clinical and echocardiographic improvement (Table 2 ). All patients were former premature infants who were critically ill and refractory to conventional therapies. Because of the novel administration of the medication, extra training was required for the intensive care nursing staff. There were no instances of severe site erythema, bleeding, bruising, or infection. The patients were not irritable or noted to withdraw the limb with the infusion site, even when the limb was examined or handled. This has been the experience with other centers managing these patients as well. 13 This suggests pain perception and development of local inflammation may be different in the premature infant compared with the term infant, and certainly is different than in adults. 14 Preterm infants' immature cortical nociceptive response circuitry make them better suited to tolerate SC infusions than older patients. 15 , 16 Anand et al suggest that preterm infants who undergo multiple painful procedures earlier on have a higher pain threshold and dampened responses to pain in later infancy and childhood. 17 Additionally, the soft and loose subcutaneous tissue in infants may prevent the local accumulation and reaction seen in adults. This makes this subgroup of former preterm infants who have PAH-CLD ideal candidates for SCTre therapy if indicated.
As neonatal intensive care centers are becoming more skilled at caring for extremely premature infants who have improved overall survival, the population who have severe PAH-CLD may increase. 18 Currently there are no longterm, randomized, controlled studies involving targeted PAH therapies for these patients. In our experience, SCTre was safe, efficacious, and well tolerated, and may enable safer delivery of a prostanoid to critically ill infants. As with any systemic pulmonary vasodilator, monitoring is critical for ventilationperfusion mismatch in children who have lung disease, and therapy must be altered appropriately. We suggest this therapy should be considered for early use in infants who have severe PAH in centers with experience in the use of SCTre. Further study of SCTre is warranted in larger pediatric cohorts.
